Abstract NMR and electrospray ionization tandem mass spectrometry were used to show for the first time the presence of sphingomyelins in extracts of the tobacco hornworm Manduca sexta ( Lepidoptera ). The sphingosine in the ceramide was identified as tetradecasphing-4-enine, and the fatty acids were C18:0, C20:0, C22:0, and C24:0 (compound 1). Heterogeneity in the ceramide was observed in sphingomyelins from M. sexta. All of the sphingomyelins were associated with their doubly unsaturated sphingosine, tetradecasphing-4,6-dienine (compound 2), which contained the same set of fatty acids as compound 1 and represents a novel set of sphingomyelins not previously reported in Lepidoptera. Lipid rafts were isolated from brains of M. sexta, and the association of these novel sphingomyelins with rafts was confirmed. The existence of the additional double bond was also observed in ceramide and ceramide phosphoethanolamine isolated from M. sexta Interest in insect sphingosines as cell membrane constituents dates back to the 1960s (1), but three decades of work has provided information on this class of compounds for only a few insect species, namely, Musca domestica (2), Calliphora erythrocephala (3), Trogoderma granarium (4), Apis mellifera (5), and Aedes albopictus (6). Similarly, only limited information exists with regard to insect glycosphingolipids (GSLs, arthrosides). The mosquito Aedes aegypti (7), the green-bottle fly Lucilia caesar (8), the blowfly Calliphora vicina (9), and Drosophila melanogaster (10) have been studied, with no report of sphingomyelin in these species. Sphingomyelin is commonly found in small amounts as a cell membrane component in mammals and is present in myelinated nerve fibers in larger amounts, but its exact functions have yet to be elucidated in insects. Because ceramides and sphingosine-1-phosphate have been identified as important regulators of apoptosis, cell motility, and raft formation in mammals (11, 12), the absence of such molecules in insects would have serious implications, inasmuch as biochemical pathways in insects and vertebrates have generally been conserved over tens of millions of years.
Interest in insect sphingosines as cell membrane constituents dates back to the 1960s (1), but three decades of work has provided information on this class of compounds for only a few insect species, namely, Musca domestica (2) , Calliphora erythrocephala (3), Trogoderma granarium (4), Apis mellifera (5) , and Aedes albopictus (6) . Similarly, only limited information exists with regard to insect glycosphingolipids (GSLs, arthrosides). The mosquito Aedes aegypti (7) , the green-bottle fly Lucilia caesar (8) , the blowfly Calliphora vicina (9) , and Drosophila melanogaster (10) have been studied, with no report of sphingomyelin in these species. Sphingomyelin is commonly found in small amounts as a cell membrane component in mammals and is present in myelinated nerve fibers in larger amounts, but its exact functions have yet to be elucidated in insects. Because ceramides and sphingosine-1-phosphate have been identified as important regulators of apoptosis, cell motility, and raft formation in mammals (11, 12) , the absence of such molecules in insects would have serious implications, inasmuch as biochemical pathways in insects and vertebrates have generally been conserved over tens of millions of years.
In his review on insect glycolipids, Wiegandt (13) stated that insect ceramides typically consist of C14:1 and C16:1 sphingosines, which are shorter than mammalian bases of 18 carbons or longer. The fatty acids reported at that time were C18:0, C20:0, and C22:0. The sphingolipids isolated from Dipteran differed from vertebrate sphingolipids, and the presence of sphingomyelin was not reported.
The characterization of sphingosine derivatives is challenging, inasmuch as they typically constitute far less than 1% of the total lipid content of a tissue sample (14) . Previously, time-consuming chemical decomposition methods and chemical derivatization were required for structural elucidation of the lipid and phospholipids of Manduca sexta (15) . More recently, electrospray ionization-tandem mass spectrometry (ESI-MS/MS) was employed by Hsu and Turk (16) to rapidly confirm the chain lengths of the sphingoid base and the fatty acid with a minimal consumption of material. Mass spectrometry seems well suited for the analysis of these minor, albeit important, membrane constituents.
Ceramide is known to play a crucial role in apoptosis (17) (18) (19) (20) . The C(4)-C(5) E-alkene plays a critical role in activating the allylic alcohol toward oxidation to the enone (21, 22) . Introduction of an additional double bond could, in principle, activate the resulting doubly unsaturated ceramide toward oxidation and subsequent apoptosis. Sphingadienes with additional unsaturation at C-8 of the sphingosine moiety have been reported in plants and invertebrates (23) (24) (25) . Ceramides with additional unsaturation at C-6 of the sphingosine chain have also been isolated from silk moth larvae (26) . Ceramides with alkenes at C(5) and C (6) and conjugated dienes at C(4,6) have been synthesized (27, 28) in order to provide evidence for the role of the allylic alcohol in the apoptotic effects of ceramides in mitochondria.
In the course of the present work, a novel series of sphingomyelins not previously reported in Lepidoptera was isolated. Using electrospray nth-order tandem MS/MS (MS n ) techniques and 1 H-NMR, the presence of 4,6-sphingadienes in the form of ceramide, sphingomyelin, and ceramide ethanolamine were confirmed in the insect M. sexta . Ceramides, in the form of sphingomyelin and GSLs, are components of vertebrate lipid rafts (29, 30) . Rafts are distinguished from ordinary phospholipid membranes by their ability to persist in Triton X-100 at 4 Њ C (31, 32) . We speculate that the sphingomyelins may be constituents of lipid rafts in insects (33) and might play an indirect role in apoptosis and other cellular behaviors (34) by serving as a source of ceramide. Some experiments that demonstrate the plausibility of these notions are also presented.
EXPERIMENTAL PROCEDURES

Materials and equipment
1 H-NMR experiments were performed on a Bruker DRX500 (500 MHz) instrument and processed using Xwinnmr (Bruker, Inc.) software. High-resolution fast atom bombardment (FAB) mass spectra were obtained using a JEOL HX110A electric/magnetic sector spectrometer, with meta -nitrobenzoyl alcohol as the ionization matrix. An IonSpec 4.7T Fourier transform ion cyclotron resonance (FT-ICR) instrument equipped with an ESI source was also used to perform accurate measurements and to achieve ultrahigh mass resolution. ESI mass spectra were also obtained using two additional instruments. A Finnigan ion trap (IT) LCQ classic HPLC/MS was used in positive-ion mode. Typical ESI conditions were as follows: needle voltage, 4.5 kV; capillary voltage, 20 V; capillary temperature, 200 Њ C; flow rate with infusion, 8 l/min. The tandem mass spectroscopy measurements (MS n , n ϭ 2-5) were performed in the IT with helium as a collision gas at a pressure of ‫ف‬ 10 Ϫ 5 torr. Samples were electrosprayed in CHCl 3 -methanol 1:4 solvent mixture in a concentration range of 100-150 m. The Finnigan TSQ-7000 triple-stage quadrupole mass spectrometer was equipped with an electrospray ion source and controlled by Finnigan XCalibur software (version 1.2). For ESI, 10 l of a 1 mg/ml sphingomyelin sample ( ‫ف‬ 20 pmol/ l) was combined with 50 l LiOAc in water from a 100 mM stock solution (final concentration 5 mol/ l) and dissolved in 940 l CHCl 3 -CH 3 OH (1:4). The mass-to-charge ( m/z ) range of 100-1,000 daltons ( ) was scanned 1-3 min, and the spectra averaged. For the ESI collision-induced dissociation (CID) experiments, the precusor ion was mass selected with a ( Ϯ ) 0.5 window in Q1, and collided with argon in Q2 with an argon gas pressure of 2.39 mTorr and a laboratory collision energy of 50 eV. The m/z range of 200-500 in Q3 was scanned for 5-10 min and the spectra averaged. Dialysis tubing was 500 molecular weight cutoff obtained from Spectrum Laboratories, Inc. HPLC column was Platinum Silica 100 Å, 10 , 250 mm ϫ 4.6 mm, obtained from Alltech Associates, Inc. The HPLC was a Varian Instruments, Inc. system consisting of two Model 210 pumps with 25 ml pump heads, a Model 430 autosampler with a 100 l SS sample loop, a Model 330 photodiode array detector, a Model 704 fraction collector, and a 100 l SS sample loop. The system was controlled with Varian Instruments, Inc. Star Finder software, version 5.52. Sphinogomyelinase was purchased from Sigma (catalog number S 8633).
Isolation of sphingosines
All M. sexta larvae used in the experiment were 4-day-old fifth instars raised in a laboratory colony at 25 Њ C and 50-60% relative humidity as described previously (35) . A total of 54 larvae were dissected to remove the food-containing gut. The remaining tissue was freeze dried to obtain 33 g of dried tissue, which was ground to a powder and washed with 300 ml of acetone for 5 min in a round-bottom flask. The residue was extracted into 300 ml of 2-propanol-hexane-water (55:20:25) at 50 Њ C for 4 h, and this was repeated a second time. The combined extracts were filtered and treated with CHCl 3 -MeOH-0.8 M aqueous NaOAc (30:60:8) at 50 Њ C for 4 h. Solvents were removed from the filtered extracts to obtain 8 g of the crude lipid mixture. These lipids were saponified at room temperature overnight using 30 ml of 1 M NaOH. The neutralized solution was dialyzed for 3 days against deionized water. Upon freeze drying, 1 g of yellow powder was obtained. This was passed through silica gel (20 g ) and eluted first with CHCl 3 , CHCl 3 -MeOH (8:2), CHCl 3 -MeOH-H 2 O (120:70: 17), and CHCl 3 -MeOH-H 2 O (30:60:8). The first two fractions were discarded, and the third and fourth fractions were combined and rotavapped to obtain 300 mg of a yellow powder. This was passed through DEAE Sephadex using CHCl 3 -MeOH-H 2 O (30:60:8) to obtain 290 mg of the crude sphingosine mixture. This mixture was purified with HPLC using a solvent gradient of isopropanol-hexane-water (55:44:1) to isopropanol-hexane-water (55:35:10) at a flow rate of 1 ml/min for 45 min with monitoring at 208 nm. Fractions were collected each minute using a Varian fraction collector. The fractions with a retention time of 5 min gave ceramide, 19 min gave ceramide ethanolamine, and 32 and 33 min gave sphingomyelin.
The same method was used to obtain sphingomyelin from animals at stage 12 and stage 18 of metamorphosing adult development. 
TLC staining for sphingosines
Dephosphorylation of sphingomyelin with sphingomyelinase
Sphingomyelin (10 mg) isolated from M. sexta was suspended in 0.1 M phosphate buffer (pH 7.4) and treated with 10 units of sphingomyelinase at 37 Њ C for 18 h. The resultant ceramide was extracted to 2 ml of CHCl 3 -MeOH (8:2). The upper layer was discarded, and the lower layer was dried with MgSO 4 and filtered through cotton.
Apoptosis induction using ceramide obtained from M. sexta
A Manduca embryonic cell line (MRRL-CH1) (36) was used to study whether apoptosis can be induced by ceramide obtained from Manduca . The embryonic cell line was maintained in 2.5% fetal bovine serum for 2-3 days after seeding the wells of a 12-well plate, then treated with 80 M commercial ceramide (Avanti Polar Lipids, Inc., catalog number 860518P) in ethanol, 80 M ceramide obtained from sphingomyelin isolated from fifth-instar larvae, and stage 12 metamorphosing adults in ethanol, or ethanol alone as a control for 72 h. Cells were fixed and labeled according to the protocol given by APO-Brdu terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick end labeling (TUNEL) assay kit (Molecular Probes, catalog number A-23210), except that the centrifugation speed was increased to 735 g , the incubation time for exposure to the DNA-labeling solution was increased to 2 h, and the incubation time for exposure to the anti-BrdU solution was increased to 1 h. Cells from each well were separately mounted on slides and observed under the confocal microscope using appropriate lasers and filters.
Isolation of lipid rafts
Lipid rafts were isolated using a protocol adapted from several sources (37) (38) (39) . Twenty-five animals (stage 7, roughly midway through metamorphic adult development) were anaesthetized by cooling on ice. Brains were dissected under insect saline (150 mM NaCl, 4 mM KCl, 6 mM CaCl 2 , 10 mM Hepes, 5 mM glucose, pH 7.0, adjusted to 360 mOsm with mannitol) (40) , frozen in liquid nitrogen, and stored at Ϫ 80 Њ C. The brains were thawed on ice in tris-sodium EDTA (TNE) buffer (25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, pH 7.4) containing protease inhibitors (Sigma #P-2714) and homogenized in a Potter-Elvehjem tissue grinder, followed by several passages through a 30 G needle. The homogenate was centrifuged at 4 Њ C in an Eppendorf Model 5415C tabletop centrifuge at 2,000 rpm ( ‫ف‬ 325 g ) for 10 min. The pellet, which was expected to contain nuclei and other dense material, was stored at Ϫ 80 Њ C. The supernatant was then centrifuged at 11,000 rpm ( ‫ف‬ 9,880 g ) for 20 min at 4 Њ C in order to pellet membranes. The resulting supernatant, which was expected to contain soluble proteins, was stored at Ϫ80ЊC. The resulting pellet was resuspended in TNE ϩ protease inhibitors to give 300 l. To this, 100 l of TNE containing 2% Triton X-100 was added to give a final Triton concentration of 0.5%. The solution was incubated on ice for 30 min to allow solubilization of nonraft lipid membranes. To this solution, 1.2 ml of 80% sucrose in TNE was added to give a final sucrose concentration of 60%. This was layered into a Beckman Ultraclear 6 ml centrifuge tube and overlayered with 1 ml each of 40, 30, 5, and 0% sucrose in TNE (without Triton). The tube was centrifuged at 2ЊC for 18 h at 40,500 rpm ‫000,061ف(‬ g) in a Beckman LM-8 ultracentrifuge using a SW 50.1 hanging bucket rotor. Nine 600 l fractions were collected from the top of the tube. To each fraction, 4.4 ml TNE was added to lower the sucrose concentration. The diluted fractions were then spun in the hanging bucket rotor for 30 min at 2ЊC and 39,000 rpm ‫000,041ف(‬ g) to pellet membranes. The pellets were resuspended in 250 l TNE, transferred to a glass test tube, and extracted into 500 l of CHCl 3 -MeOH (2:1). The aqueous and organic phases were processed separately; the white interface was expected to contain amphipathic molecules and was included with the organic phase.
Western blotting of sucrose gradient fractions
Following CHCl 3 -MeOH extraction, proteins in the aqueous phase were precipitated with cold (Ϫ20ЊC) acetone. Precipitated proteins were solubilized in SDS sample buffer and run out on a 4-12% NuPAGE polyacrylamide gel (Invitrogen), then transferred to polyvinylidene difluoride membrane (0.45 m, Millipore). The membrane was agitated in Tris-buffered saline (TBST) (100 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing 0.1% Tween 20 (TBST) to block nonspecific protein binding, then incubated overnight at 4ЊC in guinea pig anti-glycosylphosphatidylinositol (GPI)-Fas (kind gift of Dr. Philip Copenhaver, Oregon Health Sciences University) diluted 2.5:10,000 in TBST (41), washed in TBST, incubated in peroxidase-conjugated donkey anti-guinea pig secondary antibody (2:10,000 in TBST) for 2 h at room temperature, washed in TBST, and visualized with an Opti-4CN substrate kit (Bio-Rad).
Isolation of sphingomyelin from sucrose gradient fractions
The lower (chloroform) layer resulting from the CHCl 3 -MeOH extraction was evaporated to dryness and treated with 500 l of 0.1 N NaOH at 45ЊC for 4 h. After neutralization with 0.1 N HCl, the solutions were desalted on C-18 cartridges (Isolute SPE Part number 221-0100-C) with 5 ml of water. The remaining sucrose was eluted with 5 ml of methanol, and the sphingomyelins were eluted with 5 ml of CHCl 3 -MeOH (2:1). The structures were confirmed using liquid chromatographymass spectrometry.
RESULTS
The isolation of sphingosine derivatives from 4-day-old fifth-instar larvae gave the ceramides sphingomyelin and ceramide phosphoethanolamine. The HPLC fraction with a retention time of 5 min contained ceramide, but only enough to study by mass spectrometry. ESI mass spectra of ceramides show the presence of four ceramides, as seen in Fig. 1 .
Dehydration of ceramides took place following FAB ionization in the JEOL sector (EB) mass spectrometer, as broad "metastable" peaks were observed at an m/z value of M* (e.g., 530.6) that is related to the precursor ion mass M 1 (e.g., 566) and fragment ion mass M 2 (e.g., 548) by the relationship M* ϭ (M 2 ) 2 /M 1 . Chemical formulae were proven by high-resolution mass spectra obtained using a 4.7T Ionspec FT-ICR spectrometer. ϩ ). The intensities of the dehydrated ceramides were almost negligible for the above ceramides in the FT-ICR spectra. Collision-induced tandem mass spec- This fraction contained ceramide phosphoethanolamine, and according to 1 H NMR, it contained two types of phosphoethanolamines (Fig. 3) . The normal set of ceramide phosphoethanolamine (compound 3) also varied at the fatty acid attached to the ceramide. The [M ϩ Na] ϩ peaks of the different ceramide phosphoethanolamines were observed at m/z 655, 683, 711, and 739. FT-ICR was used to obtain the high-resolution mass spectra, and the results are 655. 4773 The chain length of ceramide phosphoethanolamine was obtained using ESI-MS n data. In the case of sodiated ceramide phosphoethanolamine, ESI-MS/MS data result in loss of 43 (terminal ethylene amine) followed by the rest of the phosphate group as a fragment of 98. For example, ceramide phosphoethanolamine at m/z 683 [M ϩ Na] ϩ initially gave a fragment at m/z 640. Further fragmentation of m/z 640 resulted m/z 542. In the same spectrum, a peak at m/z 520 is observed, which is the protonated peak of m/z 542. The [MH Ϫ H 2 O] ϩ peak of m/z 520 was observed at m/z 502. Upon mass selection of m/z 502, the C-14 sphingosine chain gave a peak at m/z 208, and the fatty acid gave a fragment at m/z 336, corresponding to a fatty acid chain length of 20 carbons. All results are tabulated in Table 1 .
It is interesting to note that the presence of doubly unsaturated ceramide is also seen in the ceramide phosphoethanolamine, and that the C14/20 and C14/22 ceramides were the most abundant species present. The high-resolution mass spectra data for [M ϩ Na] ϩ are 681.4938 (calc. 681.4947; C 36 H 71 N 2 NaO 6 P ϩ ) and 709.5250 (calc. 709.5260; C 38 H 75 N 2 NaO 6 P ϩ ). As will be discussed later in more detail, the proton NMR spectra clearly showed the presence of the doubly unsaturated partner, and correlation spectroscopy (COSY) helped identify the connectivity.
Fractions with retention times of 32 and 33 min were evaporated to dryness, and spectroscopic data were recorded in CDCl 3 ( Attempts were made to obtain the chain lengths of sphingomyelin using ESI-MS n in the same way as was done for ceramides. As the isolated sphingomyelin exists mainly in the sodiated form, it loses 59 mass units (trimethyl amine) and 124 (rest of the phosphocholine group). In FAB, the whole phosphocholine group loses as a fragment with mass of daltons 184. However, the corresponding protonated ceramide fragment of [MH Ϫ59 Ϫ124 Ϫ18] ϩ can be used to obtain chain length information as in the case of ceramide phosphoethanolamine.
In addition to ESI-MS n measurement in the IT instrument, ESI-CID on a triple quadrupole instrument was also TABLE 1. Electrospray ionization-mass spectrometry and nth-order tandem mass spectrometry data of ceramide phosphoethanolamine a 681  638  540  500  206  336  683  640  542  502  208  336  709  666  568  528  206  364  711  668  570  530  208  364 a Peak positions are in daltons. used to obtain chain length information. In these experiments, LiOAc was added to the medium because the lithiated sphingomyelins fragmented more efficiently on the triple quadrupole instrument. Mass selecting m/z 737.5 [(compound 1) ϩ Li ϩ ] and fragmentation with a collision energy of 50 eV gave two major fragments (42) at m/z 208 and m/z 364, which provides information on the sphingosine chain length and the fatty acid chain length, respectively. The sphingosine and the fatty acid in the ceramide were identified as tetradecasphing-4-enine and behenic acid, respectively. The identity of all sphingomyelins was obtained from the tandem mass experiments by mass selection of the desired lithiated precursor ion. The results are tabulated in Table 2 .
It was concluded that the sphingosine in all compounds was tetradecasphing-4-enine, and the acids are stearic, arachidic, behenic and lignoceric. Yet, two sphingomyelins with molecular mass of 674 daltons and 758 daltons showed heterogeneity in the ceramide backbone, shown as italicized numbers in Table 2 . The sphingosine fragment at m/z 236 corresponds to the hexadecasphing-4-enine. The corresponding fatty acid fragment without two methylenes was also observed, confirming the above conclusion.
The second set of sphingomyelins (compound 2) is novel, in that it contains an additional double bond at C-6 of the sphingosine. The chemical formulae for [M ϩ H] ϩ of this set of sphingomyelins were confirmed using highresolution FAB mass spectrometry as 673.5253, 701.5581, 729.5905, and 757.6566 daltons. ESI-CID-MS/MS of the lithiated molecular ion at m/z 735.5 gave fragments at m/z 206 and m/z 364 (Table 3) . Hence, it was determined that the unusual double bond is located on the sphingoid base, and that the fatty acid is saturated. The relative abundance of the sphingomyelins is shown in brackets 672 (3.1), 674 (24.1), 700 (32.3), 702 (100.0), 728 (23.4),  730 (67.8), 756 (5.6), and 758 (15.1) . Tandem mass experiments were not possible on the molecular ions at [672 ϩ Li] ϩ and [756 ϩ Li] ϩ due to their low intensities.
The position of the unusual unsaturation in sphingomyelin 2 and ceramide phosphoethanolamine 4 was confirmed by COSY. Correlation of the protons 3, 4, 5, 6, 7, and 8 (labeled in Fig. 3 ) was clearly identifiable in the cross peaks. The sphingosine was identified as tetradecasphing-4,6-dienine. It is noteworthy that each "normal" sphingomyelin is accompanied by its doubly unsaturated counterpart. The 1 H NMR chemical shifts of the two types of sphingomyelins and the two types of ceramides ethanolamine are tabulated in Table 4 .
The 1 H NMR chemical shift of the methine proton at H-3 depends on the C-3 configuration of the sphingosine backbone, with H-3 shifted downfield by 0.28 ␦ (4.44 ␦ threo vs. 4.05 ␦ erythro) for the threo compound (43). The 1 H NMR spectrum of sphingomyelin 1 was obtained in CD 3 OD, and H-3 was located at 4.04 ␦. Based on these results, the erythro configuration was assigned to 1. In the 13 C spectra, a chemical shift difference (⌬␦) of 5.0 ppm for the carbons C-4 and C-5 is regarded as an indication of the erythro configuration of the sphingolipid, while ⌬␦ ϭ 4.0 ppm indicates the threo configuration (44). Sphingosine 1 has ⌬␦ ϭ 5.1 ppm for C-4 and C-5, consistent with the erythro configuration.
Ceramide ethanolamine and sphingomyelin were also isolated from stage 12 metamorphosing adult. The ratio between sphingomyelin 1:2 is different in stage 12 metamorphosing adult and fifth in-star larvae according to 1 H NMR (Fig. 4) as well as high-resolution mass spectral data.
Ceramide obtained from the hydrolysis of sphingomyelin contained the expected C-14/18, C-14/20, C-14/22, and C-14/24 chain lengths in the sphingosine and the fatty acid chain. The doubly unsaturated ceramide was also observed and the position of the double bond was proven by mass spectra and NMR as explained before. Preliminary results using a TUNEL assay showed apoptotic cells (Fig. 5 ) in wells treated with ceramides obtained from fifth-instar larvae and stage 12 metamorphosing adult at a concentration of 80 M. Commercial ceramide did not induce apoptosis at this concentration. A Western blot of sucrose gradient fractions (nine 600 l fractions) was done to test for the presence of GPIlinked Manduca fasciclin II (GPI-MfasII) in the fractions. GPI-linked proteins are known to be concentrated in lipid rafts in both vertebrates and invertebrates (31, 32) , so the presence of GPI-MFasII can serve as a marker for lipid rafts in isolated fractions. The blot (Fig. 6) indicates that lipid rafts would likely be found in fractions 3 and 4, 
DISCUSSION
Ceramides isolated from M. sexta larvae had molecular mass of 509, 537, 565, and 593 daltons with 16:85:100:21 relative abundance, respectively. The same mass spectrum shows the presence of the dehydrated form of ceramide for the two most abundant ceramides, and their [M ϩ H] ϩ peaks were observed at m/z 520 and m/z 538. The molecular weights of the ceramides in the larvae vary as the fatty acid attached to the ceramide changes. The chain lengths of the ceramides were obtained using MS/MS/MS data ( Fig. 2A) . Sphingosine chain length can easily be obtained using the Finnigen LCQ by selecting the [MH Ϫ H 2 O] ϩ peak of the original ceramide. The peak at m/z 208 corresponds to the sphingosine chain length with 14 carbons; hence the ceramide in M. sexta varies in fatty acid chain length from C-18 to C-24.
Interestingly, these ceramides are accompanied by another ceramide homolog with an unusual diene moiety in the sphingosine chain. It is clearly seen at m/z 546 and m/z 548 in the mass spectrum (Fig. 1) (Fig. 2B) , not at m/z 208, indicating that the additional unsaturation is on the sphingosine chain.
M. sexta contains two types of ceramide phosphoethanolamines. The most abundant ceramide phosphoethanolamine possesses a C-14 sphingosine chain, and the fatty acid chain length varies from C-18 to C-24. The novel ceramide phosphoethanolamine has additional unsaturation in the sphingosine chain as seen by CID data ( Table 1 ). The ratio of the two compounds 3:4 is about 20% by NMR and is the same in the larvae and metamorphosing adults.
Four-day-old, fifth-instar larvae of M. sexta contain at least two types of sphingomyelins that have not been previously identified in this insect. This information is interesting Fig. 6 . Western blot using an antibody to glycosylphosphatidylinositol-Fas (GPI-Fas), an M. sexta protein expected to be localized to lipid rafts (by virtue of its GPI anchor), detects the protein associated with fractions 3 and 4. These fractions were also the ones found to contain sphingomyelin, suggesting that the sphingomyelin was indeed a component of lipid rafts.
at Ohio State University Health Sciences Library, on September 20, 2012 www.jlr.org Downloaded from from a taxonomical viewpoint, inasmuch as sphingomyelin has not been previously identified in any Lepidopteran species. Sphingomyelin has been previously isolated from Coleoptera (4), but not from Diptera. The sphingomyelins in Coleoptera were not reported to contain the novel unsaturated sphingoid base reported here.
The extracts of the stage 12 metamorphosing adult did not contain ceramides but did contain sphingomyelin series 1 and 2. However, the ratio of compounds 1:2 was clearly changed according to the NMR. Five-day-old fifthinstar larvae contain 20% of compound 2 as opposed to compound 1, whereas the stage 12 metamorphosing adult contains only 10% of compound 2. Similar experiments show that the stage 17-18 metamorphosing adult contains 20% of compound 2. To further confirm the identity of compound 2 and to study the ceramide-induced apoptosis, the sphingomyelin mixture was subjected to enzymatic digestion with sphingomyelinase, which cleaves the phosphocholine head group of sphingomyelin. NMR data and mass spectra confirm the presence of the ceramide with extra unsaturation.
The TUNEL assay was used as one measure of whether ceramide might induce apoptosis in cells from an embryonic Manduca cell line. The results provided initial evidence suggesting that the ceramide mixture obtained from stage 12 M. sexta is more effective in inducing apoptosis than the commercial ceramide lacking extra unsaturation, supporting the hypothesis that the extra unsaturation at C-6 of the sphingosine enhances apoptosis. Further work will be required to confirm this hypothesis.
In addition to investigating the possible role of sphingomyelin in apoptosis, we also investigated its possible role in forming lipid rafts, specialized membrane domains rich in sterols, sphingomyelin, and GSLs. Lipid rafts are known to function as platforms that concentrate GPI-linked proteins, receptor tyrosine kinases, GTPases, and SNARE and SNAP proteins (elements essential to synaptic function) (29) (30) (31) . GPI-MfasII was found in sucrose gradient fractions 3 and 4 obtained from stage 7 brains following Triton solubilization. These were the same fractions from which sphingomyelins were isolated. This association strongly suggests that the sphingomyelins are indeed components of lipid rafts. Sphingomyelins were found in fractions 3 and 4, and the structures were confirmed using mass spectra. The most abundant ceramides in those sphingomyelins had a C-14 sphingosine chain and C-20 and C-22 fatty acyl chains. The doubly unsaturated compound was also observed in the sphingomyelins extracted from fractions 3 and 4.
